the wetting of the particle surface and the degree to which The permeability of small (10 mm) clusters of carbon black and the pores within a cluster can saturate with the host fluid. A larger (2 mm) clusters of silica particles was determined through better understanding of these parameters may lead to imsedimentation experiments. Examination of carbon black clusters proved dispersions and better control over the desired propcomposed of different types of particles illustrates the influence erties of the particle suspensions.
INTRODUCTION
may not be broken down into primary particles under conditions typical of hydrodynamic dispersion processes. In this In many technological applications, colloidal or fine parti-paper, we use the generic term ''cluster'' to refer to a colleccles are processed in combination with either low-or high-tion of particles on any size scale. molecular-weight fluids. In cases where the fine particles are
The influence of aggregate structure on cluster permeabilinitially present in the form of clusters, processing can in-ity was studied using very small carbon black clusters, 10 volve steps in which mechanical energy is supplied with the mm in diameter. Since these are composed of only a few intent of breaking the cluster into small fragments or their aggregates, characterization of these clusters should provide constituent particles and distributing these throughout the information pertinent to aggregates. Two different grades of whole of the fluid. These processes depend strongly on the carbon black aggregates were studied. Experiments with silphysical characteristics of the particle clusters and individual ica utilized larger clusters (2 mm in diameter). Since silica particles as well as the nature and extent of their interaction is very porous (typically greater than 90% porosity), it is with the host fluid.
thought that the morphology of these clusters is also similar In this paper we focus on some issues pertinent to the in structure to individual aggregates. processing of fine-particle clusters. Specifically, we examine Sedimentation experiments were conducted with the varithe tendency of host liquids to flow within particle clusters ous clusters to provide information about the hydrodynamic since these flows can influence the distribution of hydrody-draining of the clusters and the degree to which the internal namic stress applied to fragment them. This tendency will pores fill with host fluid. The sedimentation experiments be characterized in terms of the permeability to fluid flow were conducted using fluids spanning a range of polarities. for colloidal-or millimeter-scale porous clusters. We con-In all cases, the clusters were soaked for extended periods sider both the influence of the morphology of the particles in a host fluid before the sedimentation experiments were constituting the cluster and the role of the interfacial chemis-attempted. try between the powder and the fluid. The latter can affect determined by measuring its sedimentation velocity and relating that value to the physical characteristics of the cluster and the host fluid. For the clusters used in this study, sedi- It is known that the permeability of a porous solid will where the viscosity of the fluid is denoted by m, the radius depend on its microstructure and the degree of saturation of of the cluster by a, the sedimentation speed by U p , and the its pores. Correspondingly, it is useful to define a relative drag coefficient that accounts for the permeability by V. A permeability, k rel , according to force balance on a spherical cluster sedimenting at terminal speed yields
where k is the actual permeability for the cluster and k full is the cluster permeability when it is fully saturated. The value in which the density of the soaked cluster and fluid are of k full should depend only on the structure of the porous represented by r wet and r fluid .
solid. It has been shown (3) that the relative permeability The density of the soaked cluster can be calculated from follows an exponential dependence on S, [3] in which s has been found to range between 3 and 4 dewhere r dry represents the density of the cluster prior to soakpending on the nature of the porous medium. ing, e is the porosity of the cluster, and S represents the Combining Eqs. [2] and [3] yields fraction of the pore volume filled with host fluid during the soaking process. Fluids that wet the powders well would be expected to fill a larger fraction of the pores within the in which V is given by Eq. [5] but with For the large silica clusters, the density was set from the cluster preparation procedure and was subsequently verified by pycnometry. For the 10-mm carbon black clusters, pyc-
[9] nometry could not be done reliably. Instead, we assumed that the density of these clusters was approximately equal to the density of carbon black aggregates. DBPA (dibutyl-
MATERIALS AND METHODS
phthalate absorption) tests are routinely used to provide in-3.1. Materials formation about the void volume within carbon black aggregates. Thus we use (1) Two grades of carbon black, Monarch 3 880 and Monarch 900 provided by Cabot Corporation, were used in the sedimentation experiments. The physical properties (determined
, [4] by the manufacturer) of both grades are shown in Table 1 .
The higher DBPA value of Monarch 880 indicates that it is a high structure black, while the Monarch 900 is classified where the DBPA value is in units of cm 3 of oil absorbed as a low structure black. High structure blacks are more per 100 g of carbon.
open and branched, while low structure blacks are more The drag coefficient for a homogeneous porous sphere compact. The porosity and resulting densities of aggregates sedimenting through a stagnant fluid has been provided by Neale et al. (2) . The drag coefficient is dependent on the of both grades are also listed. One type of silica, Aerosil tance between the plates. However, this distance could not be so small that the wall effects would be significant. Calcu-300, supplied by Rhône-Poulenc, was used. The physical properties of the silica are listed in Table 2 .
lations showed that a distance of 4 mm between the plates would minimize both effects. A microscope was used in Sedimentation experiments were performed in several fluids of various polarities. For the carbon black clusters, conjunction with a video camera and an Olympus Cue II image analysis system to measure sedimentation velocities experiments were performed in 1-butanol, glycerol, squalene, and poly(dimethyl siloxane) (PDMS). Sedimentation and cluster size. A cold light source was also used to minimize any temperature gradients across the sedimentation of the silica clusters was done in both PDMS and polybutadiene. The density (r) and viscosity (m) of the various fluids cell.
In preparation for an experiment, the carbon black powder at 25ЊC, as well as their polar partial solubility parameters (d p ) (4, 5) , are listed in Table 3 . All sedimentation experi-was first dried and then sieved to collect solids less than 75 mm in diameter. These clusters were then soaked for 2 days ments were conducted at room temperature. The difference in viscosity of the two PDMS fluids arises from a difference in one of four fluids: squalene, butanol, glycerol, or low viscosity PDMS. Highly spherical clusters with diameters in their molecular weight. The low viscosity PDMS was used for the experiments with the small carbon black clus-ranging from 8 to 12 mm and high sphericity were then selected with a pipet from the soaking container and injected ters, while the higher viscosity PDMS was used for the experiments involving the millimeter-scale silica clusters. into the sedimentation cell. The size of each cluster studied was measured using the image analysis system to within The polar solubility parameters indicate the relative polarity of the fluids. Although a value of d p could not be found for {0.5 mm. Although several clusters were in the sedimentation cell at the same time, the sedimentation velocity was squalene, since it is a pure hydrocarbon, the value is also expected to be very small. measured only for individual clusters that were far away from the others present.
Sedimentation of Small Carbon Black Clusters
Two types of sedimentation experiments were performed with each grade of carbon black. In one, the clusters were A sedimentation cell designed for these experiments was soaked in one of the four fluids, and then the sedimentation formed from a square metal plate 4 mm wide with a square was performed in the same fluid. In the second type the hollow section machined through its center. This metal mem-clusters were soaked in squalene and then sedimented in ber was sandwiched between two solid glass plates, forming either butanol or PDMS. the sedimentation chamber. Two outer metal plates provide more support, and screws are used to hold the entire cell 3.3. Sedimentation of Large Silica Clusters together.
To prepare clusters, the silica was first dried and then Since the sedimentation velocities of the carbon black subjected to a compaction and shaping process. The silica were expected to be a fraction of a micrometer per second, thermal convection currents would significantly interfere with the measurement of sedimentation velocity. Convection   TABLE 3 currents in the fluid were minimized by decreasing the dis- For each fluid, values of ( k app /a) were higher for Monarch 880 than for Monarch 900. This can be explained by tive saturation and the actual permeability, we assign to it a degree of saturation of one. Thus, the value of k app for the carbon black clusters in squalene is taken as k full . Values of was pressed into a powder compact of the desired density ( k/a) and S calculated from Eqs.
Properties of the Host Fluids Used in This Study
[8] and [9] and assuming (0.12, 0.14, 0.17, and 0.21 g/cm 3 ). Following fracture, the s Å 3 are listed in Table 5 . compacts were tumbled over sieves to form spherical clusThese results indicate that soaking with PDMS results in ters. Pycnometry was used to verify the density of the clusnearly complete saturation, but significant portions of the ters. In the pycnometry measurement, the silica clusters were pores remain unfilled by glycerol and butanol. Note also that immersed in a very high viscsosity PDMS (600,000 cS), the permeability for the polar fluids is significantly lower and the measurements were taken within minutes, which is than that for the nonpolar liquids. The values of S change believed to be quick enough so that no significant infiltration by less than 10% when the value of s is increased from 3 into the clusters occurs. Prior to a sedimentation experiment, to 4, so the results do not appear to be very sensitive to the clusters were soaked in one of the host fluids for 3 days. values chosen for s. Sedimentation experiments were performed in a cylindrical cell that was wide enough (60 mm) so that the walls of the
Sedimentation of Carbon Black Clusters after cell would not influence the sedimentation velocity. The
Soaking in Squalene sedimentation velocity and size of the soaked clusters were measured with the video camera and image analysis system.
A second set of sedimentation experiments was performed to further investigate the effect of the soaking process and
RESULTS AND DISCUSSION
interfacial chemistry on the permeability. In these experiments, the clusters were first soaked in squalene to displace
Sedimentation of Carbon Black Clusters within Their
as much air as possible from the internal voids. SubseSoaking Fluid quently, these clusters were sedimented through either butaAssuming that each liquid completely fills the pores of nol or PDMS. It is assumed that some, but not all, of the the cluster, it is possible to calculate an apparent permeabil-squalene will be displaced from the pores of the cluster ity, k app , directly from the sedimentation speed. These values during sedimentation. However, since the precise density are reported as an apparent permeability since the degree of of the cluster is unknown, we report the results of these pore saturation and, hence, the exact density of the soaked experiments as apparent permeabilities. There are two possiagglomerate are unknown. The resulting values of ble limits for the density of the soaked cluster that can be used in analyzing the data. It can be assumed that the squa-( k app /a) for both grades of carbon black and each fluid are shown in Table 4 . Each value reported represents an average lene remains inside the cluster from the soaking process, or it can be assumed that the sedimentation fluid replaces the of the result for tests on 25 clusters. In each set, the scatter in the data is approximately 10% of the mean, which can squalene during the sedimentation process. The two assumptions lead to very small differences in the calculated values be attributed to uncertainty in the cluster diameter and to variations in the structure between the different carbon black of the apparent permeability.
The results shown in Table 6 are calculated using the clusters.
assumption that the squalene is replaced by the host fluid The values of ( k app /a) indicate substantial draining by the time measurements are taken. These are average valthroughout the whole of the carbon black cluster. The largest ues for about 25 clusters per grade and fluid combination. apparent permeability of the carbon black clusters was found Since no air could return to the pores following its displacefor sedimenting in squalene. This result was expected since ment by the squalene, it was further assumed that the clusters squalene is expected to interact well with the carbon black.
had a degree of saturation of one. PDMS, which also interacts well with carbon black, yields
Results from soaking the clusters in squalene and sediapparent permeability values that were only slightly lower menting in PDMS were similar to the results of the first than those for squalene. The apparent permeability for clussedimentation experiments (Table 4) done with PDMS as ters soaked in glycerol or butanol was much smaller, due to the soaking and sedimentation fluid. The value of the smaller degree of interaction of these fluids with the carbon black.
( k app /a) for Monarch 900 was the same in both experi- silica and PDMS, we assume that all cluster pores were filled ments, while the value of ( k app /a) for Monarch 880 deduring soaking by PDMS. The degrees of saturation of silica creased slightly. It is not clear whether this change is signifiby polybutadiene, calculated assuming that k app for the case cant or the result of experimental error. Values of of PDMS is k full and using Eqs.
[8] and [9] , are shown in ( k app /a) when butanol was used as the sedimentation fluid Table 8 . The results were insignificantly different when a were substantially larger when the clusters were presoaked value of s Å 4 was used. Also provided are values of in squalene than when they were soaked in butanol. How-( k/a). In all cases, the values of S for polybutadiene were ever, these values were still not nearly as high as those for very close to unity for each cluster density. This is reasonable the case of soaking and sedimenting in squalene. It is clear since the clusters were both large and of high porosity. Since that the interaction between solid and liquid has a large the pores of the silica clusters are essentially saturated in all effect on the cluster permeability.
cases, these results indicate the sensitivity of the permeabil-
Sedimentation of Large Silica Clusters
ity to the packing density within the clusters. Of the two fluids studied, PDMS was expected to interact well with the silica due to hydrogen bonding between the
CONCLUSIONS
polymer chain and silanol groups on the silica surface. PolyBased on the results of sedimentation experiments, the butadiene was not expected to interact as well with silica.
influence of both particle structure and interfacial chemistry Approximately 25 clusters were tested for each fluid and on permeability is evident. The experiments with silica cluseach density. The values of ( k app /a) reported in Table 7 ters primarily indicate the influence of packing structure on were calculated assuming that the cluster pores were fully permeability, while the carbon black results illustrate the saturated. Note that since the silica clusters were 200 times influence of cluster morphology and interfacial interactions as large as the carbon black clusters, the magnitude of the on permeability. apparent permeability is much higher for the silica clusters.
For the carbon black clusters, the permeability was greater This is attributed to their overall higher porosity.
for the high structure black (Monarch 880) than for the low As expected, PDMS does yield the higher value of structure black (Monarch 900) in each of the fluids tested. ( k app /a) for each density of cluster. Also as expected, the Clusters soaked in squalene showed the largest permeability, apparent permeability decreases as the density of the cluster and this was attributed to the affinity of squalene to the increases due to the presence of a larger average pore size carbon black surface. The apparent permeability was found at lower cluster density. The apparent permeability for the to decrease with increasing polarity of the fluid. The degree highest cluster density could not be measured for polybutaof saturation was calculated for carbon black soaked in each diene; this was very close to zero but not within the precision fluid. Here, increasing polarity of the fluid results in smaller of the experimental technique.
fractions of the pores being filled during the soaking process.
Degree of Saturation of Silica Clusters
Soaking the carbon black clusters first in squalene results in an increased apparent permeability for the polar fluids. This Since it yielded the highest apparent permeability and because of the expectation of strong interactions between to polybutadiene, although the degree of saturation for both fluids was close to unity. 
